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ABSTRACT /f/ 3 t/ 
Equilibrium solutions f o r  the continuity equation for  atomic oxygen 

ions in  the upper F region in t e r m s  of exponential s e r i e s  a r e  developed in 

which account is  taken of diffusion, of the effects of a non-divergent 

ver t ica l  f lux of ionization, attenuation of the so l a r  radiation, and lack of 

tempera ture  equilibrium between the electrons and ions .  

maximum these s e r i e s  converge rapidly and they a r e  well  approximated 

by the f i r s t  few t e r m s .  

equation a r e  developed which allow experimentally observed ion o r  

e lectron density profiles to be  related to the production, loss  and 

t ranspor t  p rocesses  

helium and hydrogen ions on the electron density profile a r e  

Above the 

In this way simple solutions of the coctinuity 

Modified solutions which include the effect of 

developed. 

The solutions a r e  used  to investigate the effects of assuming 

different neutral  atmospheric models on daytime equilibrium profiles a 

The implicat iom of the solutions to the analysis of experimental  

prof i les  is  discussed.  



1 Introduction 

The upper F region i s  becoming increasingly available to 

study by means of rockets 

In part icular ,  the ioncspheric topside sounder satel l i tes  provide 

consecxtive measurernepts of electron density profiles of the top of 

the l a y e r .  

satell i tes and incoherent sca t te r  sounders .  

IC, i s  of  in te res t  to relate these measm-ements to the basic  

physrcal processes  of ion production,recombinatPon and t ransport ,  

to the tempera tures ,  and to the relative densit ies of the ionic 

constituents 

Yonezawa (1956 1958) developed solutions cf the continuity 

equation in the F 2  region under daytime equilibrium conditions. 

solutions were  6ri t e r m s  of somewhat complex integrals  which were  

evaluated cumerical ly  

The 

Rishbeth and Bar ron  (1960) and Gliddon and Kendall (1960) 

developed techniques f o r  solving the continAty equation using digital 

computer techniques and have extended the method to non-equilibrium 

conditions. 

Bowhi11 (1962) simplified the analysis by  neglecting attenuation 

of the ionizing radiation by the atmosphere and obtained analytic solutions 

€or  the continuity equation fo r  m o r e  general  c a s e s  than those t reated 

by Yonezawa and which gave resul ts  which agreed well with equilibrium 

solutions obtained by  the computer methods. 

This analysis technique was  la ter  extended.> Bowhill (1?62) ,  t~ 

the c a s e s  of layers  in which the inflow o r  outflow of ions f r o m  the 

l aye r  controlled the icn distributions. 
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Analytical expressions have distinct advantages over computer 

solutions when i t  i s  des i red  to f i t  experimental  profiles and when i t  

is desired to investigate the range over which changes introduced in 

the theoretical assumption a r e  effective. 

analytic approach has been chosen fo r  the present  study. 

F o r  these reasons the 

In this work exponential s e r i e s  solutions of the F- reg ion  

continuity equation a r e  derived in which account is taken of attenuation 

of the ionizing radiation by the atmosphere,  and a sca le  height f o r  the 

ionic species different f r o m  that f o r  the neutral  constituent controlling 

the diffusion i s  considered. 

constituent responsible f o r  the recombination, lack of tempera ture  

equilibrium between the electrons and ions,  and a non-divergent 

vertical  ion flux a r e  a l so  taken into account. 

Different sca le  heights fo r  the molecular  

Above the maximum these s e r i e s  a r e  well approximated by 

the f i r s t  few t e rms  and quite simple relations fo r  the ion density as 

a function of height a r e  obtained. 

The effects of various assumptions about the atmospheric  

parameters  on the height of the maximum ion density,  the ion density 

a t  the maximum and the qua r t e r  thickness of a parabolic f i t  to the nose 

of the ion density profile a r e  d iscussed .  

At higher altitudes helium and hydrogen ions must  be considered 

and modified equations a r e  derived to include the i r  effects on the electron 

density prof i les .  

2 .  Solution of the Continuity Equation 

2 . 1  Region where Atomic Oxygen ions Predominate 

The continuity equation f o r  atomic oxygen in  the F region may 
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be wri t ten 

- -  El - QZ - L - div(niv)z 
Z 

Z 
a t  

w'he r e  

Q 

L 

v is the ver t ical  velocity 

z 

n. is the ion density 

is the rate  of ion production a t  height z 

is the ra te  of ion recombination a t  height z 

Z 

Z 

is the height mezsured  f rom the ion density maximum 

1 

2 . 2  Production T e r m  
~ ~~ 

Recent experimental  measurements  of so la r  ex t reme 

ultraviolet  photon fluxes descr ibed by Hinteregger and Watanabe 

(1962) have indicated that the radiation responsible f o r  the ionization 

of atomic oxygen in the F region is not monochromatic and that the 

photon absorption ra tes  a r e  not independent of wavelength. 

Under these conditions the production a t  height z can b e  

represented by 

Q Z = N ( 0 ) z  P, ( 2 )  

where  N ( 0 )  is the atomic oxygen density and p depends on the so la r  

f lux  components and on the appropriate c r o s s  sections of atomic oxygen. 

Due to absorption, p will decrease with decreasing altitude. 

Above about 150 k m  i t  appears  that the experimental  data can be fitted 

adequately f o r  the present  purpose by the approximate relation 

Z 
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where N(O), i s  the atomic oxygen density a t  the maximum of the 

ionization density, H is the scale  height of atomic oxygen, a and k a r e  

empirically determined constants, and + is the so l a r  zenith angle. 

If the neutral  atomic oxygen is  assumed to follow a diffusion 

equilibrium distribution, equation ( 3 )  may be  combined with equation 

( 2 )  to give 
3 

providing a is g rea t e r  than one. 

Equation (4) may be writ ten 

2 . 3  Loss T e r m  

It will be assumed that the recombination process  f o r  atomic 

oxygen ions is by  the atom ion interchange p rocess  

o+ t XY - ox+ t Y ( 6 )  

OX+ t e - O +  x (7) 

followed by dis  s ociative recombination, 

and that in the upper F region the recombination ra te  will  be dependent 

on the rate  of the reaction in equation (6 ) .  

loss  rate i s  given by 

Under these conditions the 
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o r  

where 

o r  

P m yN(XYJm 

( 9 )  

F o r  example i f  XY is presumed to be  molecular oxygen then b 

would be 2 . 0  and i f  molecular nitrogen b would be  1 . 7 5 .  At lower 

altitudes the dissociative recombination p rocess  will predominate 

causing the loss  ra te  L to be lower than would be predicted f r o m  

equation (8) .  At these altitudes, however, the effect of diffusion 

t ranspor t  is smal l  and photo-equilibrium may be assumed,  s o  that 

the effect will be  confined to the lower F region. 

2 . 4  Transport  

The equation of motion for  the ions i s ,  

m v  v kTi a ni i in i -  - - m i g t q E - - -  

Z 
n a i 2 sin I 

and f o r  the electrons is 

e m v  v k T  a n  e e n e -  e - - m e g - q E - -  aZ n e 2 sin I 

where  I is the geomagnetic dip angle, 

m and m .  a r e  the electron and ion m a s s e s ,  

11 

e 1 

and n. a r e  the electron and ion number densit ies which wiii  

be assumed equal, 

e 1 

v and vi a r e  the ver t ical  diffusion velocities of the electrons e 

and ions with respect  to the neutral  a tmosphere,  
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v and v. a r e  the collision frequencies f o r  the electrons and 

ions with neutral  par t ic les ,  

en in 

q is the charge on an electron, 

k is Boltzman’s constant, 

g is the acceleration of gravity, 

Te and Ti a r e  the equivalent electron and ion tempera tures ,  

and E is the electr ic  field.  

(12) i y  Now m < < m  e 
V 

V. 
en 

in 
the ratio - is only of the o rde r  of 40, 

and 

the refore 

V - V - 
e i y  

m v v  e en e 
< < m . v  V 

1 in i 

Substituting equations ( l l ) ,  (12),  and (13) in equation (10) gives the ion 

diffusion velocity 

I v i = - g r  [ l t  aZ 
k(Ti t T ) 8 ni s in  I e 

It may be assumed that v. dec reases  exponentially with height in 

within the region of in te res t  so  that, in general ,  

cz 
V in = v  in exp ( - T )  * 

m 

In the general  ca se  the electron and ion tempera tures  may be 

different s o  that, 

T. - 1 

T t Ti d =  
e 
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may have a value lower than 0 . 5 .  

By defining a diffusion coefficient a t  the ion density maximum 

2 g H sin I D z  
m 

equation (14) may be writ ten 

n.v; = I-( D exP 1 ,  m 

The divergence of the upward 

stratif ication is giver, by 

v d  in m 

n. d 
1 

flux of i o ~ s  a s  surning horizontal 

i 1  a n. cdn 

H2 

2 
c t d  1 

a (n.v.)  a ni 
2 

1 1  
= - D  e - ( = ) [ -  4- ( T ) K 4 - -  ' 

a a Z  m 

An additional upm7amrd ion flux will. be assumed 

G = n,v s . t  

such that 

2 5 Expcoential Ser ies  Selcticr- 

Substi?uting eqw.ticr,s (5 ) ,  (8)  and (19) in eqxation (1)  gives,  

Under equilibrium conditions when 
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a t  a l l  altitudes, equation (22 )  may  be wri t ten 

q m  t -  cd n.  t - e-.(*’ 
H2 m 

2 
o =  - a nl 

2 a Z  
a Z  

- -  Pm n. exp [ - ~ b ~ c ~ ~ )  - Pm exp ( -  (23) 
1 m m D 

The solut.ion to equation (23) may  be obtained in t e r m s  of 

exponential s e r i e s  
5 m+n(b+  c)z  

n = Z  i c E, m t n ( b + c )  ex?? - [ H 
m n=o 

By substituting equation (24) in equation (23) it may be shown that 

equation (23 )  is satisfied with the following values of my  

m = l t c  

m = a + c  

and values of m which satisfy the equation 

2 m - ( c t d P m  t c d =  0 

namely m = c ,  and m = d .  

With these values of m substituted in equation (24),  

I d t n ( b t  c )  
n i = C  exp - [ H 

c t n ( b S c )  
c t n(b + c, j exp - 1 H 

l t c t n ( b t c )  
B 1 t c t n ( b t c )  exp - [ H 1 

a t  c t n ( b t  c)  
Ba+c tn{bCc)  - [ H 

(241 

(25) 
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Equation (26)  may be  writ ten 

n i = B d S 1  +- Bc S2 t B l S C  s 3  % + c  s4 ( 2 7 )  

where S19 S2’ S3 and S a r e  se r i e s  of exponential t e r m s  which a r e  4 

functions of z. By substituting equation ( 2 6 )  into equation (23) and 

comparing coefficients it may be shown that 

2 
- - P m H  1 

a m  m a +  c D B 

and the recursion relationship for  the general  coefficient €3 i s  given by k 

- - -  
‘(k-c)(k-d) m B k - ( b t  c )  D 

Three pa rame te r s  of equation (27 )  remain to be determined, 

2 

D 
’m Bd, Bc9  and - 
m 

2 . 5 .  1 Locat.ion of the Ion Density Maximum 

Equation (26) may be differentiated with respect  to z to give the 
a n  

a Z  

i ra te  of change of ion density.  The maximum is located where  - = 0 

s o  that  a t  the maximum 

zz0{ [d -F n.(b f c )  j B d t n ( b t c )  ’ i c tn(b tc)  ] B c t n ( b t c )  

a n, 
1 O =  - H -  I 

a z  

.. I 1 t c t  n ( b t  c )  ] Batc+n(b+-c )  I- l + c + n ( b + c )  B 
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and this may  be writ ten 

l t c  7 B a t c S 8  0 = Bd S5 t Bc S6 t B 

2.5.2 Upper boundary condition 

A convenient upper boundary condition is obtained by imposing 

the restraint  that the downward t ranspor t  of ionization through the 

level at which z = - is equal to the total ion production minus the b t c  

total ion recombination above that level.  

In equations ( l ) ,  (18) and (20)  this gives 

- 1 

co co 
- n.d 8 n. 

n.v = - ! a d z +  V L d z t D  exp(bTF)l C 1 t  c. m H 

H 
b t c  

H H 
b- b+C z - 

Substituting equations (5) and (8)  in equation (33) and integrating gives,  

co 
-bz 

exp (-a) t pm I n i  exp ( - )  dz 
-1 Hpm n V = -Hqm exp (-) t - i t  b t c  a b t c  H 

H - 
b t c  

- D  m b t c  

H 
b t c  

z =  - 

The individual t e r m s  may be expanded to give 

-1 Hpm -a 
Hqm exp ( b t  c 1 7  exp ( b+c) n.v = - 1 t  

b t d  ) exp - (n  t - b t c  
co B d t n ( b t  c )  

PmH i?=o b t d t  n( b t c ) 

(34) 
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exp - (n+ 1) 03 B c t n ( b t  c )  
'mH z=o ( n t 1 ) I b t c )  

1 B1 t c t  n ( b t  c )  exp - ( n t l t b x  1 
03 

'mH g=o l t ( n + l ) ( b t c )  

03 

B a t  c t  n ( b t  c )  exp - ( n t l t  -) a ' 'mH z=o a t ( n t l ) ( b t c )  b t c  

03 
a 

b t c  
m D 

exp - ( n t -  ) .  - -  H n-o [ a tc -d tn (b fc ) ]  Ba+c+n(b+c)  

(35) 

Using the recursion relationship given in  equation (30)  i t  may be shown 

that equation (35) reduces to 

1 
i t  b t c  

n v  = - H q m e x p  ( - )  -1 t - HPm -a a e x p ( -  

( a t c - d )  B a t c  exp ( S c  (36) 
m D 

- -  
H 

Using the values f o r  B l t c  and B 

equation (36) reduces to 

derived in equations (24) and (25)  a t c  

H(nivt) 
B = -  D-1 (37) C 
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2 . 5 . 3  Total Production and Loss in  the Layer  

The total ion production and loss  in the-layer m u s t b e  equal 

under equilibrium cor,dir' vons. 

In equation (1)  this gives,  

sa %a 

1 Q d z =  J L d z  
-a -a 

This may be writ ten 

(38) I 

I (39) 

where C Qra CY is the sum of the products of the so l a r  E U V  f lux 

components and the relevant ionization c r o s s  sections and q is  

an efficiency factor  related to the absorption of ionization by other  

constituents a 

F r o m  equations ( 2 6 )  and (39) 
%a 

b t d t n ( b t c )  
H 1 L d z  =-PmH C s 

c+ n(b t c )  
' (nt  l ) ( b t  c )  

D 

t 

1 t ( n t  l ) ( b t  c )  
H 1 lt c + n ( b t  c )  

1 + (n + 1 1 (b % c 1 

which m a y  be  writ ten 

Z 

F r o m  equations (38), (39) and (41) 
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(42) 

S l 0 ,  S l l  and S12 are al l  infinite as z goes to minus The l imits  of S 

infinity, however, their  ratios remain finite and may be evaluated to 
9'  

give 
d-c 2( c -d) - 

c -d b t c  
b t c  I-(--) + i  

I-(-)-+ 1 

Bd = -B 
C d-c  

b t c  

-B l t c  

1 - d t  c 1 2 
I- (- b t c  + 1) r(- b t c  t 1 ) r H  I p,j 

L J 

d-c - 1 
b t c  

d-c-a  2 ( a t  c -d) 
a - d + c  b t c  b t c  

-B (TK 
s t c  

1) 
d-c 

I- ( w c  

2 (43) 

. It has  'm and - 
m 

Equations (32) and (43) a r e  both functions of B d D 

been found convenient to solve these equations by using a digital computer 
H2B _ _  '- m that gives the same  values of B to s e a r c h  fo r  the value of - 

m 
for  d D 

the two equations. 

3. The Effect of Helium and Hydrogen Ions 

At levels more  than two scale heights above the maximum the 

atomic oxygen ion density given by equation (27)  is, for  typical values 

of a, b,  c and d, approximated within one percent  using the first t e r m  

in the s e r i e s  Si$ and, 
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n = Bd e x p ( - T )  dz . 
i 

(44) 

This is because at these levels the production and loss  t e r m s  

in  the continuity equation a r e  small ,  and the low values of ion-neutral  

particle collision frequencies d l o w  la rge  diffusion velocities to resul t  

for  very sma l l  departures  f rom a diffusion equilibrium profile.  

F o r  a diffusion equilibrium profile equation (10) may be 

written for  each ionic constituent 

a n. 
- m.n.g t qEni . 1 -  

kTi a~ - 1 1  
(45) 

When more  than one type of ion is present  equation (45) may 

be summed over the various ionic species  to give, 
a n. 

1 kTi S = -g C m.n. t q E C ni 
i 1 1  i i 

F o r  the electrons , using the same  approximation, equation (1 1) 

may be writ ten,  

-g  me ne - q E ne . a n e  - 
kTe a~ - 

It may be assumed in  this region that 

i 
and 

n =  y n i  
e L 

A 

F r o m  equations (46) ,  (47),  (48) and (49) 

a n  g C m.n  i i  - g m+ d 
- - -  e -  - - -  1 
n e a Z  nek( T e t  Ti) kTi 

C m n  i i  where m = t X ni 
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Equation (50) may  be  integrated to give, 
Z 

dz (" g m t d  
neo exp - \ -  k Ti 

n =  
c. e 
z 

0 

Substituting equation (45) in (47) gives, 
L 

Substituting equation (50) in equation (52) gives,  

which may be integrated to give, 

Now He=- k T  , 

so  that 

1 mig 

z - z  
0 21 m.n.  = exp 

1 1  1 1  i kT. 
1 

0 
Z 

Simi lar ly  

The mean molecular  m a s s  is thus given by 
Z - z  

- i i 

i C n. exp ( - - O )  

C m. n. exp ( - - C m n  i i  . 1 10 H. O )  
I m =  - 

t C ni Z 

i H 1 0  i 

(57) 
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z -z 
Le t  A = C nio exp ( -- O )  

i Hi 

then, 

and 

dA 
gmt - dz 
-7' k Ti 

- 
- -  

Equation (60)  may be  integrated with respec t  to z to give 
8.P 

Substituting equation (61) in equation (51) gives,  
T 

i 

In the regions where he l ium and hydrogen ions a r e  of importance 

the f i r s t  t e r m  in the s e r i e s  S 

to give the electron density, 

given i n  equation (44) may be  modified 1 

t e x p - ( m  z-zo ) 1 (63) 
N(H+ )o 

N(O+ )o 

t + t where  N(O 

and hydrogen ion densit ies a t  the datum level z 

N(He ) 6 ,  and N(H )o  a r e  the atomic oxygen, helium 

0, 
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providing R1 = < 

and < < 1, 

and zo, the height of the datum level above the maximum, is sufficiently 

l a rge  that the f i r s t  t e r m  in  the S1 s e r i e s  predominates .  

The complete solation for the equilibrium electron density may 

thus be obtained by combining equations (27 )  and (63) to give, 

15(z-zO) 

e R2 16H 

4 .  Results 

4 . 1  Prof i les  

A digital computer program has been used to solve equation 

and - derived in  
H2Pm 

c’ B l t c ’  Bate' Dm 
(64) using the relations fo r  B 

the preceding sections 

to be  calculated and plotted in t e rms  of both the geo-potential 

The program allows the electron density 

. 

altitude z and the t rue  height. Figure 1 shows examples of profile9 

calculated fo r  th ree  different values of so l a r  activity to , i l lustrate 

the f o r m  of the resu l t s .  

F o r  this F igure  the following values w e r e  assumed 

a = 2 . 3  b = 1 .75  c = 1 . 3  d = .385 

q = 2 x l O  -9 s loe  7 ~ ( ~ ) s e c - 1  Nisbet (1 963) 



I I I I I I I I 

O m  9 0 ,  r- v) 

5 z  0 0 0 0 0 0 u* 12 0 0 0 0 - - n 9 - 

0 
E 

(Y 

32 

n 
E 

P 
- 2  

a 
!t 
v) z 
0 

I- 
a 

!! 
W 

2 
J 
0 
u) 
LL 
0 

W 
W 

I 
a 
t- - 

W a a  e 2  
0 LL 
w 
I=- 
3 
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T = 7.05 S l O e 7  t 372OK 

p = 4 x ~ o - ~ ~ N ( N , )  s e c - l  

Jacchia  (1962) 

Nisbet and Quinn (1963) 

1 

Shimizaki (1957) 4 . 5  x lo1' s i n 2 1  T" 2 -1 
D =  m sec  n.(M) 

Atmospheric models due to Nicolet (1962) were  used fo r  the neutral  

a tmospheric  densi t ies .  Helium and hydrogen ion density ra t ios  

w e r e  calculated f r o m  models due to Bauer  (1963). 

4 . 2  Approximate Prof i les  

Above the maximum the s e r i e s  S 1 y  S2, S3, and S in equations 
4 

(27) and (64) a r e  well approximated by the f i r s t  few t e r m s .  

In genera1,in this region a total of seven t e r m s  is required to 

approximate the electron density within 1% when a nondivergent ion 

flux is assumed and only five t e rms  is required when it is absent .  

With this approximation, equation (64) may be  wri t ten,  
L 

l 1  3(Z-Z ) 15( Z - Z o )  
0 

16H R 1  exp 4H t R2 exp q m  Liz [ 
-H- n = - (K1 exp - 

e 'm 

H H 

L z  t K 6 [  exp - - L6z 1 -+ K7 [ exp - 1 3  1 
H H 
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Where 

K4 = B p, 
a t c  q Y 

m 

Pm 1 
K 5 = B  D q m  ( d t b ) ( b t c )  m 

- 

K6 = B  Pm 1 - - 
( b t  c ) (b+ 2c -d)  m D q m  

L1 = d 

L2 = c 

L3 = l + c  

L4 = a + c  

L5 = d t b + c  

L6 = b t 2c 

L 7 = 1 t b + 2 c .  Pm “P, 1 - -  
( l + b +  c) (  l + b +  2c -d) m D K7 = B 

14-c qm 

A computer p rogram has been wri t ten to calculate these 

parameters  f r o m  equations (28),  (29) ,  (30 ) ,  ( 3 2 ) ,  (37) and (43) 

and to pr int  them out in the f o r m  of tables .  

F o r  this program it is necessa ry  to read  in the pa rame te r s  

of the atmospheric model a,  b ,  c ,  d,  and - prn and a pa rame te r  
q m  

related to the nondivergent ver t ical  flux nivt . 
prints  out three pa rame te r s  of the electron density maximum 

The computer a l so  
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SCAT/H i s  the quar te r  thickness of a parabola fitted to the peak of 

the electron density distribution. 

Tables 1 to 3 5  in the A$pendix give values of these coefficients 

f o r  eight different atrraospheric models. F o r  each model ranges of 

pa rame te r s  for  the attenuation of the so l a r  radiation and the ver t ical  

nondivergent ion flux have been calculated. 

5 Conclusions 

The values given i r _  Tables 1 to 35 allow the effects of 

var ious assumptions about the neutral a tmospheric  models and 

ionizing radiation on the electron density profiles to be studied. 

The pa rame te r  SCAT/H is of considerable przct ical  

i n t e re s t  because of its effect on the calculations of neutral  

a tmospheric  tempera tures  f r o m  ionospheric measurements  in 

the region of the maximum, and because its relation to the profile 

does not depend on assumptions about the diffusion, recombination 

o r  production coefficients 

Increasing geographic latitude fo r  a given t ime of year  and 

neutral  atmospheric temperature  corresponds to increasing both 

and a .  It i s  apparent that both these effects Pm the value of - 
4, 

produce a decrease  in layer  thickness a s  indicated by the SCAT/H 

values 

Hinteregger and Watanabe (1962) have given experimental  

measurements  of photon fluxes as a function of altitude. 

measurements  were  used to investigate the effect of the non- 

These 

monochromatic nature  of the ionizing radiation on the electron 

density profile Tables 3 3  - 3 5  give the pa rame te r s  of electron 
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Pm density distribution calculated fo r  models with values of a and- 
q m  

chosen to f i t  the photon flux measurements  above 150 k m  fo r  the 

wavelengths 6f  importance in F region production. 

that the effect on the thickness of the F 

absorption ra tes  is l e s s  than 1% a t  the latitude of White Sands 

It is  apparent 

region peak of the differing 2 

in August. F o r  l a rge r  zenith angles the effect would, of course ,  

be l a rge r  but i t  does r o t  appear that measurements  of electron 

density profiles in  the region of the F 

provide useful information on the relative ionization c r o s s  sections 

maximum a r e  likely to 2 

of atomic oxygen fo r  the different groups of so l a r  fluxes 

Sets of tables a r e  given fo r  

Te/Ti  = 1 (d = . 5 )  

and 

Te/Ti  = 1 . 6  (d = . 3 8 5 ) .  

I t  i s  of in te res t  to compare the effect of the electron ion tempera ture  

ra t io  on the shape of the layer  in the region of the maximum and con- 

siderably above the maximum. As would be  expected in  the region - 

i T t T  e f a r  above the maximum the slope is proportional to 7 and 

there  i s  a 30% difference between the values of L1 fo r  the two 

models .  The values of SCAT/H which descr ibe  the qua r t e r  thickness 

in the region of the maximum show only an 11% difference.  

The coefficients f o r  recombination with molecular  oxygen 

and molecular nitrogen a r e  undoubtedly different so  that l i t t le useful 
n P  m m  

q m  
f o r  .models with purpose is served  by comparing values of 

different values of b .  
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The variation of the layer  with latitude may be  studied by 

Pm 2 
q m  

examining the effects of variations in - and of s in  I on D . m 

and a increase .  In both f'm As the so la r  zenith angle increases-- 
q m  

cases  the effect on the electron density profile is to reduce the 

. Pm value of n - 

field on the diffusion coefficient,the heighf of the layer  in middle 
P 

latitudes dec reases  with increasing latitude causing 2 to 
q m  

inc rease .  

Because of the effect of the ea r th ' s  magnetic 
qrn m 

These effects combine to reduce the electron density 

a s  the latitude is increased.  

The nondivergent ver t ical  ion flux - is chiefly of 
q m  

in te res t  in matching boundary conditions when different models 

a r e  used fo r  successive altitude regions.  This approach can be 

used,  f o r  example, to study the equatorial anomaly. 

that this pa rame te r  has l i t t le effect on the value of 

value of & is ,  however, greatly affected and i t  appears  that 

I t  is apparent 
n P  m m  

q m  
. The 

H2P 
u 

p r n  m 
the ma jo r  effect on the peak electron density is the change in 

produced by the variation in the height of the maximum electron 

density quite accurately even i f  there is some uncertainty in the 

coefficients D and p a s  a function of height. 

the ra t io  pm/D, would resul t  in an e r r o r  of 

maxima and only 24  k m  a t  sunspot minima.  

An e r r o r  of 50% in 

about 64 k m  a t  sunspot 

angle is tn lower the 

HLPm 
value of - . This corresponds to an increase  in the height of 

m D 

the l aye r  maximum which might contribute to the winter anomaly a t  

middle lati tudes.  

The method of analysis provides simple analytic solutions 
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of the F 

allow i t  to be fi t ted to various neutral  atmosphere models.  

the neutral  atmosphere pa rame te r s  a r e  not independent of height a 

lamination technique may be employed using different models for  

successive layers .  

region equilibrium profile and is  sufficiently flexible to 

When 

2 

The application of the method to the prediction of F2 region 

pa rame te i s  will be discussed in a subsequent repor t .  
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Appendix- Tables of Coefficients 

Summary of Symbols 

PRODUC TIGN TERM 

where 

z is the ra te  of atomic oxygen ion production a t  height z 

H is the scale  height of atomic oxygen 

and a a r e  chosen to fi t  assumed profiles of atomic qm pm and 

oxygen ion production I 

LOSS TERM 

bz L = Pmni exp ( - r) z 

w h e r e L  is the ra te  of recombination of atomic oxygen ions a t  

height z and.Pm is the l inear  recombination coefficient effective 

a t  the ion density maximum 

Z 

C Z  
v =  V e x p (  -+ in in m 

v 

V. is v. a t  the electron density maximum 

is the ion-neutral  par t ic le  collision frequency in  

in in  m 

c is a factor  chosen to f i t  the assumed neutral  a tmospheric  model 

being used 

T. 
1 

“ T  t Ti e 

where  T 

and 

DIFFUSION COEFFICIENT 

is the electron tempera ture  e 

T. is the ion tempera ture .  
1 

g H sin2 I 

m 
d D =  m V in  
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NON-DIVERGENT ION F L U X  

G = ni vt 

with 

3(Z-Z ) 
0 

4H 
qm r L1z [ 1 . R1 exp '1 K1 exp - - H e ' m  

n E -  

[ exp - 1 t K3 { exp - - L3z j K2 H H 

K4 [ H L5z H 1 L4z exp - - f t K5 [ exp - - 

R 2 e x p  15(:-z0)1 1 H L1 

4 

H 
t K6 l e x p -  -J L6z t K7 [ e x p -  I> 

H 

N(Ht) at level z = z 
0 

N(O+ 1 1 where R 

N(Het)  
a t  level z = z 

0 
and R2 

N d )  
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TABLE 1 

a 

C 

S C A f / t l  

K 1  

L 1  

K: 

I- ;' 

K I  

L 3 

t! 't 

1 4 

K 0 

L '  

1: 'I 

L (1 

K f  

2 . 0 0 0 0 c  

1.7500C 

1. ~ O O U O  

0.50000 

0 .  O O O L ~ r )  

(;.cocIoo 

0.746fiO 

0 .84526  

0 . u 86 1 9 

1.21595 

0 ~ 5 0 0 0 0  

0 .00000 

1. 0 0 0 0 0  

-0.49773 

2 . 0 0 0 0 0  

0.00000 

3.00000 

0 .  l't672 

3 . 2 5 0 6 0  

0 . O O ( J 0 0  

3. i 5 0 0 0  

-0.02332 

2 . 0 c 0 0 0  

1.75COO 

1. cc C O O  

0.5CCOO. 

0.1c000 

o.occ\oo 

O.Sl840 

0.72471 

0.86457 

1.05703 

o.';oooo 

0.0ccoo 

1.00000 

-0.3Yd33 

2.00000 

o.nii97 

3 .  (IC 000  

0 . 0 3 739 

3.25COO 

0 . oc  coo 

3.  75000 

-0.01498 

4 750C;O 4.75000 

2 . 00000 

1 75000 

1 . ~ O O O O  

0 . 50000 

u.zoooo 

0.00000 

8 .44670  

0.55186 

0.84464 

0 .70249 

0 o50OOO 

0 . 00000  

1 .00000 

-0.29780 

2 .ooooo 

0.01707 

3.00000 

(3.05649 

3'. 2 5000 

u.00000 

3 . 75000 
-0.00835 

4 . 75000 

. .  

2,00000 

1.7',OOO 

1 . 0 0 0 0 0  

0.5OOOO 

0.300C;O 

0 . 00000 
0.21990 

0.37012 

0. U l h 7 3  

0,51Y31 

0 . 50.000 

0 .00000 

1. 00000 

-0.18660 

2 . 00000 

0 . 0 1 6 7 9 

3 . 00000 
0.02343 

3.25000 

0 . 0 0 0 0 0  

3 . 7 5 0 0 0  

-0,00328 

4.75000 



- 29 - 

TABLE 2 

. _  b .  

C 

d 

2 
H Pm/Dm 

K t  

L 1  

K I  

F ' 1  

L 7  

1 . T ! > C O C  

1 . (rC coo 

C.5dCGO 

0.02 500 

0 . o c  CdO 

0.65 115 

0.7 1 4 5 6  

0 8 6  4 8 3  

l . l C 5 9 1  

G.liC(300 

0 .  oc O O Q  

1 . C)C coo 

- 0 . 4 3 4 1 0  

2.0GG00 

Q.9C 155 

+.CCC!IO 

0.1 L 6 3 U  

3 . 7 5 C O O  

0 . 0 i c 0 0  

3. 7 '3000 

- G . @ 1 7 7 4  

4.73C;OO 
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TABLE 3 

a 

- ..b . 

C 

d 

- m -  m P / c l  

sc P 1 / t-I 

K l  

L I  

K ?  

L 0 

K 7  

L I  

4 0 0 0 0 0  

1. 7 5 0 0 0  

1. L'Or300 

0 !)C)OO(! 

O.O0@0C 

0 .  c70000 

0 7 4 6 6 0  

0 . H 4 5 2 h  

0 . 8 ~ 6 1 3  

1.21595 

0 . 50000 

0.00000 

1 . 00000 

-0 049773 

2 . 00000 

0.00000 

5 . 00000 

0 14672 

3 , 2 5 0 0 0  

0.00000 

3.75000 

-0,02332 

4.15000 

4 . oc 0'00 

1 . I l i O O O  

1 . o i c u o  

C.5CCO@ 

0 . o c  6 0 0  

o.ocouo 
0 , 6 8 6 9 5  

0 .  h C  490 

0 H 6 94 8 

1. 1 5  160 

0 0 5 c  coo 

0 . 0 c c 0 0  

10 o c  000 

-0.45797 

2.ocooo 

O.OC023 

5.OCG00 

0.12705 

3,25000 

o.@cooo 
3.75000 

-0.01 974 

4 . 7 5 0 0 0  

4.00000 

1.75GClO 

1 .000co 

0,50000 

0.0  1 2 0 0 

u . O O O O @  

G.62410 

0.75929 

0.85250 

1 .otioo2 

c .50000 

0 .00000 

1 .0000(! 

-C 04 1607 

2 .ooooo 

0 00042 

5.00000 

0.10894 

3.25000 

~ * 0 0 @ 0 0  

3.75000 

-d.  0 1629 

4.75000 

4. O G O O r ?  

1 7L)OOO 

1,00000 

0.5000O 

0 . 0 1 ~ 0 0  

c.uooc1o 

G.55615 

0.70596 

0 . @ 3 4 8 0  

0.99775 

0 50'000 

0,COOOG 

1. oooiio 
-0.37017 

2 .cc000  

0 . 0 0 0 5 6  

5.00000 

0 .08968  

3.25000 

0 . oooljo 
3.75000 

-0.01294 

4.75000 
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a 

C 

d 

I: 1. 

K 3  

L 7  

i< 't 

L 't 

K f; 

K ?  

L 7  

2 . 0 0 0 0 0  

0. Q O O O G  

3.bOOCG 

- 0 . 5 5 7 4 7  

3 . 2  'j(IO0 

L 5 C j 2 f f ' ;  

3 . 7 5 C ) C G  

- 0 . 5 9 5 3 5  

4 . 7 15.0 0 0 

3 

0 .  oi; C O O  

-0 .2 jC00 

1.2JCUO 

0 . 0 2 9 2 

0.81 708 

0 . R 3 7 5 9 

0.5ccoo 

C . 6 2 5 f t O  

1.oc000 

-0.83 3 3 7  

2 . 0 c 0 0 0  

0 .  O C C O O  

3 o O C O G O  

0.1kY32 

3.25000 

Cl.Od 757 

3. r m o o  
.o. Ch 5 4 4  

4 .  1 5  C O O  

2 .oc)ooo 

I .  7'5000 

1 . i ) O G O O  

0 . 5 0 G ClO 

0 .  OOGOO 

0.25000 

0.!5+220 

0 .HG832 

0 .92670  

1.40453 

0.50000 

-Oo2711@ 

1 .ooooo 

-0 3 6  147 

2 .00@00 

0 .00000 

3 . 0 0 0 0 0  

0.12303 

3.25000 

-0  .O 1645 

3.75000 

-L). 0 12  30 

4.75000 

2 .oorJorJ 

1.75OOO 

1 .  c;oo0:; 

0 . 5 C, 0 (> 0 

0 .  C G O d O  

0 .  50000  

0 .43210  

0 .09458  

0.95266 

1 534'2 1 

0 . 5 0 0 0 0  

- 0 4 3 7.1 0 

1,000u0 

-0.208(37 

2 . O O O U ( 3  

O.O@03C 

3 .c0000  

O.lGll9 

3 25000 

- 0 . 0 2 0 8 9  

3.75000 

-0 .00781 

4 .  75000 
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2 (Joooo 

2 .i)oooo 
1.00000 

0.50GOC 

0. oooco  

u . c ; o o ~ o  

0,5661 5 

ti. 7 4 6 6 4  

0 . t i4996 

1.055Ci6 

0.50000 

c).ooooil 

1.00000 

-0.37743 

2 .000CO 

0 . 0 0 0 0 0  

3.00000 

0 .070h4  

3 . 50000 

0.00000 

4 00000 

-0  C; 1187 

5 .  cioooo 

TABLE 5 

2.0ccoo 

2 . 0 c c o I !  

1.ocooo 

0 . !iC 0 3 0  

C.lCCO0 

0 OC GOO 

0.4E 355  

0 . I, I 3  12 

0 . 8 3 Y O O  

0 . 8 7 2 0 9  

0.5dCOO 

0 . 0 c 0 0 0  

1.oco00 

-0,3c;903 

2 . 0 c 0 0 0  

O.OCY27 

3.OG000 

0 .05390  

3 1 5-c GOO 

0 .0c000 

4.0COc)O 

- 0 .  u c  7 9 6  

5.0ccoo 

2 . i ) C O C ~ O  

2 . 0 0 0 0 0 

1.00000 

0.5000c 

c12000c 

G . O O O D 0  

0.35500 

0 . 4 8 2 8 9  

C .625H4 

o . 6.1 1 4 5  

C . 5 0 0 0 0  

6 . O O C O @  

1 .00G00 

-0.23667 

2 . 0 0 0 0 0  

0 .01420  

3,00000 

0 , 0 3 2 0 7  

3'. 5 0 0 0 0 

0 1 00000  

4 .0000@ 

- 0 . G O 4 6 7  

5 . 00000 

2 . O O O ~ O  

2.00000 

1.00000 

0 . 5 i ) O G O  

0 3 0 0 U O  

0 . 0 0 0 0 0  

0.23315 

0 . 32702 
0.80797 

0 . 4'5603 

o.5ooco 

0 . 0C~OOCJ 
1. c c 0 0 0  

-0.15543 

2 .  O O O b O  

0.01339 

3.COC00 

0 . 0 1 4 2 8  

3.50000 

0 . O @ O O O  

4 o O b O O O  

-0 . C @ Z O  1 

5. C O O 0 0  
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TARLE 6 

C 

a 

sc A 1 / t i  

K 1  

L 1  

K ?  

L ?  

K I  

L 3  

K 'I 

I. ft 

I.. 'i 

c 'I 

1; ? 

1 7  

3. c,c; Qf?C 

2. o i  coo 

1 .OL G O O  

0.50CcIO 

0 .62  5 0 0  

0 . (ti ODC 
0 .5c  C85 

0 . ( -2204  

0.83616 

0 .  c, 5 9 0 9  

0 . '>C 000 

0 .  (IC c o o  

1. o c  000 

- 0 . 3 3 3 9 0  

2 .  c;c 000 

G. O C  119 

4 .  UC 000 

0 . 0 6 4 0 5  

3.5 C C 00 

0 I> c c (1 0 

4.OCOOO 

- 0 .  o c  0 2 9  

5 .  O L  coo 
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TABLE 7 

d 

K I  

L 7  I 
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a 

.. . b 

C 

d 

m/9, 

L :  

I. ," 

K '1 

k ?t 

K 'i 

I. ' 1  

i< 1. 

l ?  

2 .  I: 2 coo 

3 . ( I  ; 0 3 0 

1. ( , L  c o o  

C.5LC30 

e .  c.i cso  

- 0 .2 5 00 0 

0 .8  L' 07 5 

0 .  7 4  C ' j 2  

0.7e 523 

0.7E470 

0 .52005 ,  

0 . 4 4 4  38 

1 OC C O O  

-0.5 5 25 0 

7. O C  000 

0 . o c  c o o  

3.OCCu70 

0 ,  u4 3 3 9  

3 . 5 i O O O  

0 . 0 3 7 6 1  

'+.l;LC?c) 

- 0 . 0  2 92 5 

'3 . 0 L; 0 G 0 



- 36 - 

I 

a 

b 

C 

S C A T / h  

L 1  

K :! 

L2 

K /i 

L it  

K '5 

1 5  

K i i  

L (; 

K I  

L 7  

1.74c00 

1.3b 0 0 0  

o.sccoo 
c.1cooo 

o.ococ)o 

0.63315 

0 .  77260  

0.t3COU6 

1 '3 5 d't 5 

0 . 5 c o 0 0  

(;.ocooo 

1*.1c 000 

-0 .3d  5 0 8  

2 .3C000  

0 0 1 2 3 H 

3.3COOO 

O.lCO10 

3 . 5 3 000 

1.75000 

1. 30000 

0 .50000  

0.2ocoo 

o.oococ 
0 . 5 3 9 7 5  

0 .62776 

0,79151 

u . 8 4 8 4 6  

0 . !joooo 

0 . 00000  

1.300OO 

-0.2'19R6 

2 . 30000 

0.0 1928 

3 . 3 0 0 0 0  

0 . 0 6 h 7 3  

3 '1- r . > >oo(! 

O.CO000 0 . o c  000  0 .00000  

4 . j 5 0 L! 0 4 . 3 5  0 0 0  4 . 3 5 0 0 0  

-0 .0  20 1 t l  -Go 0 0 8 2 4  

5 .  .350Cil 5 . 3 5 0 0 0  5 . 35000  

-0  0 1 359 

1.300bO 

0 . 5uooo 

0.3U000 

I 
0 . oocorj I 

0.37.955 , 
I 

I 0 . 4 6 5 2 2  

0.7 '1104 

0 . 6 2 4 2 2  I 
0 . 50000  

0 .  CCJOOO 

1 . J i ) O O O  

-0.210 3 1 

2 0 3 0 0 0 0  

0 . 0 2 0 2 8  

3.3000LJ 

0 . 034'1 3 

3 . 5 5 0 0 0  

0 0 0Ciol)o 

4 . 35000 

-0 004d)CJ 

5.35000 
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TABLE 10 

a -  3.0COCO 

b .. _ _  I 1 . 7 5 0 0 @  

- . c  . . 1 3 0 0 0 0  

K 1  1.241 4 0  

L 1  0.50c100 

K2 0 . 0001’0 

L 2  1.30000 

. u3.. -0 .46331 

L . j  2 . 3 0 0 0 0  

K4 0.0000G 

L 4 4.30000 

K !i 0.15281 
3 

I- 5 3 . 5 5 0 0 0  

I (1 4 . 3 5000 

3 .  O C  C O O  

1.73230 

1. 3c000 

0.5(;000 

0.02500 

0 . oc 000 

0.75385 

0 . 8 4  657 

0.9C 875, 

1.15Obl 
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0 , 0 0 0 0 0  

0.52615 
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0 .u0000 

1,00000 

- 0  O O G 0 3  

2 . O O O O O  

(1 , 0 0 0 0 0  

15 .ooooo 

i! . 00c)GO 

3.13500 
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0.00000 

1*i)0000 

-0 . 24264 

2 . 00000 
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LTj 3.43500 3 3 5 0 0 3 .43500  3 .43500 

0 . 0 0 0 0 0  

L 0 4.35000 4.35COO 4,35000 4.3rJOOO 

I(. ‘I -0  . 009  3 1 -0 .  P O  5 9 9  -0 . 00  3 3 6  -0 . 00 1 3 7  

._ L 7  __ . 5.35OCr) 5.75coo 5.35000 5 . 35000 

5 6 -  0 .00000  0 .0c000  0.00000 

~ 

TABLE 25 

a 2 .00@00 2 .00000 2 .OOOOO 2 . 00000 - -_ . 

1 7 5 0 0 0  1 75000 b __ - - - -- 1 75000 1. ISCOO .- - 

--__. C 1 30000 1. Joooo 1 . 30000  1 . 30000 

d 0.3U500 0.38500 0.38500 0.38500 

0.10c00 I 0 .20000  0 .30000 m ’ q L  - 0 . 00000 ._ - 

- - G / q m H  - . __ 0 . 00000 0 . oc coo  0.00000 0 . coo00 

O . W R 9 0  0 . 4 8 c 2 5 0 . 3 5 9  70 0 .22930 

nmPm/qm - _ _  - 0 :  86004  . 0.71918 - 0.56643 _ _  0.386’95 

SLAT / t i  OoY1442 0.G4713 0.87785 0.85373 

K t  - lo08088 0.9C023 0.70573 

- 4  I --- - _ _  0.38500 0 . 3 8 5 0 0  - .  0 . 3 8 5 0 0  

K 2  0 . 00000 0. o c  000 0 . 00000 

c 2  1.30OOO 1.3CCOO 1.30000 

_ _  . _ ~ _ _  K-J _. - -00.31274 - - -0 .25078 -0.18703 

L 3  2 . 30000 2. J C O O O  2 . 30000 

K 4 0 . 000GO O.OC024 0.01234 

. I 4 - - 3 . 30000 3 .30000 3.30000 

K 5  0.09041 0 06 6 3 9  0.03B98 

0.47918 

0.38500 

0 .00000  

1 30000  

- 0 . 1 1 9 7 4  

2.30000 

0.01180 

3.30000 

0 . 0 1 6 t3 7 
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TABLE 26  

3. O C  000 

1 75 COO 

1 3 G C O O  

0.3E 500 

0 ~ ~ 2 5 0 0  - 

O.OCOG0 

C 52 240 

0.78942 

0.05564 

0.98768 

0.38500 

0.0cooo 

1. 30000 

-0.27 279 

2.30COO 

o.oc111 

4.3OCOO 

0.07 924 

3.43500 

3.occoc! 

4 .35000 

-0.C10709 

5.35COO 

... 

3 .OOOOO 

1 75000 

1 .30000 

0.38500 

0 aQ5000 

0.00000 

0.44475 

0.71042 

o .a7673. 
0.88465 

0.38500 

0 0000G 

1 . 3000O 
-0.2 3 2 2 5. 

2 .3GOOC 

0.00189 

4.30000 

0.06042 

3.43500 

g;QQ(lnQ 

4.35000 

-0.00514 

5.35000 

3 o O C I O G O  

1 75000 

1.3OOOO 

0.38500 

.. 0.07500 

0 . 00000 

0.36330 

-0.61809 

0.85693 

0.76570 

0.38500 

0.c0000 

1.30000 

-0.18971 

2.3OOGO 

O.CO232 

4.3OOOO 

0.04272 

3.43500 

0 0 00000 

4.3500O 

-0. GO343 

5.35000 
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TABLE 27  

a 4 .  c)Uc)OO 

h 1 . ‘ /5000 

S C A  [ / t i  0.91442 

K1 1.08088 

___ L 1 - .0.38500 

KZ 0.00000 

L Z  1 . 30000 
- Kf. _ _  . .  -0 3 1274 

L 3  2.30000 

K 4 0.00000 

. .L4 . ,_ 5.30000 

K t i  0.09941 

L‘ j  3.43SOO 

KC 0 . 00000  

K ‘ I  -0.00931 

L 7  . 5.35000 

4oOCOOO 

1.75000 

1.3ccoo 

0.38500 

0.00600 

o.uccoo 

0.55145 

0.82 009 

0.88988 

1.02733 

0.38 500 

0.0c000 

1.3COOO 

___ -0 .28796  

2.3COOO 

O.OC017 

5.3COOO 

0. OR 700 

’3.43500 

0.0c000 

4.3SOOO 

-0 .  OC 790 

5.35COO 

4.00000 

1.75oco 

1.30000 

0.38500 

0.01200 

0.00000 

0.50195 

0 . 7 7 5 3 5  

0.88515 

0 .96795  

0 . 38500 
0.00000 

1.30000 

-0 . 262 11 
2.30000 

0.00031. 

!3.30000 

0.07461 

3.43500 

0 .ooooo 

4 .35000  

-0.00654 

5.35000 

4.00000 

1 . 7!iOOO 

1 3GOOO 

0.30500 

0.01u00 

0.0ci000 

0 44920 

0.72360 

0 86990 

0.90025 

0 .38500  

0.00000 

1.30000 

-0.23457 

2.30000 

0 . 0004 1 

5.30000 

0 . 0 6 2 1 0  

3.43’500 

0 . 00000 
4.35000 

-0 .00524  

5 . 35000 
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TABLE 28 

_a . - - 2 . 0L)ooo 2 . oc 030  2 .OGOOO 2 .ooooo 

,-L_-- 1.75000 ~. 1 * 7 5 C O Q  - 1.75000 . - . 1 . 75000 

--.- c. - 1 o300OO 1 . 3 C C O O  1 .30000 1.30000 

_ _  - d .  0.38500 0 . 3 2 5 0 0  . 0 .38500  0 . 3 8 5 0 0  

P m- 19 - m _- - . .. 

G/q,H -0.50000 -0.25coo 0.25000 0 . 50000  

. 0 GO?OQ_-  . .- _-I__. o . o c c o o ~  ~ I 

0 .00000  _. - - I - - ~ . 0 0 0 0 0  

3.38390 1 . O C  510 0 .  it 3680 0.349 75 

nm'm/qm _--.- ~ -_.. 0.94779 _ _ _  Oat33664 _ .  0.8902' )  _. 0.92312 

S C  A T / I I  0 . 0 6 4 6 9  0.@4712 0 . 34973 0 .97163  

K l  0 . 3-2 ' I  3 1.- 0.94 039 1.167hh 1 . 238 33 _ _  - - 

- _L _ -  _ _  __  - ~ _ _  0 38?!?Q-- . 92 3e_.500- ____-_ - 0 . 3 0 5 0 0 .  _ _ _  0 . 3 8 5 0 0  

K2 1.84913 0 , 2 7 4 6 2  . - 0 -  11934 -0.191 1 2  

L ?  1. 30000  1 . 3 C  GOO 1 .3OGOO 1 30000 

L +  2.30000 2.:30000 2 .30000 2 0 30000 

K4  0.000GO . c.occoo 0 .OOGOO 0 . O G O O O  

- - -I, 5 -  - __ _ _  .3,~30901! I -?_rc_coQ .I- 3-0 30000 _ _ _ _  .. 3.30000 

f. '1 0.17009 0.14515 0.07833 O o G 6 6 5 1  

L 5  3 . 4 3 5 0 0  3.43500 3 .'43 500 3 . 4 3 5 0 0  

K 7  - G o  2 9 7 3 7  -0 .02623 -0 .00495 -0.00318 

5 e - 3  5 C O P  - _ _  - -. 5.35000 5.35OCiO I -  I - 5 . 3 5 0 6 0  - . - - - _ _  
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-A.. . 

b.-- 

..c . - 

S C A T / h  

K 1  

L l  

K %  

L ?  

K 3  

L 3 

K ‘I 

L ‘I 

L‘i 

K 6 

K 7  

1 ‘ I  

2 .ooooo 

2.00000 

1 .30000 

0 . 3 8 5 0 0  

0 .00000  

0 . oooco 

0 . 4 5090 

0.7603 7 

0 , 8 8 2 0 9  

0 .94575  

0 .38500 

0.1)@000 

1 . 30000 

-0 . 2 3 5 4 6  

2 . 3rJooo 

0 . c: 0 0 0 0 

3 .30000 

0 0 5 4  1 

3 0 0 8 5 c 0 

O.O@O@O 

4 .60000  

-0 .00473  

5 . G O O 0 0  

TABLE 2 9  

2 . (%IC c o o  

2.ccooo 

1.30000 

Oo3t?500 

O.lCOO0 

0.0c000 

0.36975 

0 6 3 2 37 

0.87238 

0.78 5 0 0  

0.38500 

0 .  oc 000 

1.3cooo 

-0.1s 308 

2.3CGOO 

O.OC634 

3.30000 

0 .03683 

3 .68500  

o.ooouo 

4.6G000 

- 0 0 C 3 1 8 

5 O C  000  

2 .00000 

2 .00000 

1.300nO 

0 , 3 8 5 0 0  

0 .20000  

0.00000 

0 .28435 

0 .49596  

0 .86078  

0.61414 

0 .38500  

0 . O O O @ @  

1.30000 

-0 .14849  

2 .30000 

0.00975 

3.30000 

0 . 0 2 2 1 9  

3 . 6 0 ‘JOO 

0 ~ 0 0 0 0 0  

4.6000Q 

-0 0 002 80 

5.60000 

2 . 00000  

2 . coooo 

1 30000 

0.38500 

0.3OOOO 

0,0000c 

0.18955 

0 , 3 4 1 1 8  

0.84524 

0.42100 

0.38C,OO 

0 . 00000  

1.3COOO 

-0.  CY899 

2 30000  

O . C C I Y 7 5  

3.300UO 

0 .01014  

3 . 685ti0 
0.00000 

4 . 6OU00 

-0 . ObOt3‘t 

5 .60000  
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TABLE 3 0  

. a  

I b- . .I .__ , 

C 

sc  A T ;  t 1 

1 1  

K r! 

1.. 2 

,L 3 

1 ' I  

K 0 

K !  

I. 7 

3.00000 

2 . U O O C ~ O  

1 . 30000 

0 .38500 

0.00000 

0.00000 

0.45090 

0.76037 

O.dH209 

c . '34575 

0 . 3 a m o  

0 . oooco 

1. 30000  

-0.27546 

2 3000cI 

0 . 00000 

4 .30000 

0.0541 8 

3.68500 

cj . uooo(1 
4 . 6 0 O O O  

-0 . G O 4  7 3  

5 G O O O O  

3 . 0 C C O O  

? .OCCOO 

1.30000 

0. ~ 5 0 0  . 

0.02500 

0 .0cc00 

0 .  3ci910 

0.69 561 

O . H G 9 8 6  

0.84268 

0.38500 

0.0cc00 

1. j cooo  

-0.ZCi141 

2 . 3cooo 

o.occss 

4.30000 

0.n4 374 

3 . 6 8 5 0 0  

0. i.;ircoo 

4 . 6 t i O O O  

-0  . OC 371 

5.hC000 

3.00000 

2 .ooooo 

1 . 30000  

U.38500 

0.05000 

0 .ooooo 

i I o34580  

0.62477 

0 . 8  5 7 1 7 

0 , 7 7 2 4 1  

0.38500 

0.00000 

1 30000 

- 0 . l U O ' ; 7  

2.30000 

0.00147 

4.30000 

i; . 033 ' )4  

3.683500 

0 .00000  

4 .60000 

-d . 0 0 2  70  

4.61;300 

3 C O O 0 0  

2 . 00000  

1 30000 

0 .38500 

0 .07500  

0.00000 

0.28945 

0.54462 

0 04355 

0 .67100  

0 .  38500 

0 . 00000 

1.300GO 

-0.15115 

2.30000 

0 . 00 1 0 5  

4.30000 

0 .02468 

3 . 6 8 5 0 0  

r_, e C O Q O O  

4 .60000  

-0 001 9 5  

5.600dCl 
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TABLE 31 

4 . 00000 - a - - - - . 't . (30000 4.0COOO 4 . 00000 

* b  - 2.c)0000 - -  2 . oc 000 2.00000 2.00000 

._ 1 30000 1.30000 1 . 30000 1 . 30000 
d -  0.38500 0.38 TOO 0.38500 0.38500 

__. c 

0.018GO 0.00000 O.OC600 0.01200 ~ .. PJ9, 

U s , H  0.00000 o.(3cooo 0 . 00000 0.00000 
2 

H -._ - Bm/Dm 0.45090 0.41910 0.38590 0.35065 

I nmBm/qm - -  0.76037 __ _ _  . 0.72373 - -  0.68363 - . T- 0.63881 

S C A T / W  0.88209 0.87237 0.86238 0.85195 

K 1  0.Y4575 0.6Y820 0.84646 0.78RY9 

-.---&I ---- - --_ - - .- 0. 38500--- 0 . 3 8  500 - - I 0.38500 ._. - ..- . 0.38500 

KI! 0.00000 0.00000 0 . 00000 0~00000 

L2  1.30000 1.3cooo 1 .30000 1 30000 

-0.18311 -- U 3  -0. ?-35_46-- - _ _ ~ _  - o .210 8 5 __- ___-- 0 _. 2 0- 1-5 1.. ___._- ~ - - ~ 

_ L 3  _. 2.30000 2.30000 2.30000 2 e 30000 

K4 0.00000 o.oco1-J 0.00024 0.00032 

I L 3  5.30000 . 5.30000 5-. 30000  -_ . 5  . 30000 
K !i 0 . 0 5 4 1 8  0 . 0 4 7 8 3  . 0.04150 0.03515 

L 'i 3.68500 3.68500 . 3.68500 3.68500 

0 . O O O O P ~  0 . 00000 u h - __-- 0.00000 --_..-I_______ 0.~000~0. - 
c fl 4.60000 4.hC000 4.60000 4.60000 

K 7  -0.00473 -0.00 409 -0.00347 -0.00286 

- 1-7 ._ __ ____ . 5.60000 - - - 5 - 6 0  000- ______ 5 . 60-000 5.60000 
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TABLE 32 

2 . oc oon 2.00000 2 . 00000 

2 .ooooo _. 2 0 00000 - -. -.b. ___ - . . 2 . ooooc - - .-I 2 0 o c  000 .- " - 

- - c  1 . 30000 1.30000 1 30000 1 . 30000 

a 2.00000 

d -  0.38500 0.38500 0.38500 0.38500 

- G / q m H  - -. - -0 5 0000  -0.25coo 0.25000 0 . 50000 
n 

1.76400 O.TC395 0.27520 

V I  0 0 53760 0.04701 1.01131 1.06620 

. 0.30 500 - ~ -- - - - I  - - -  0.38500 .. - -_ -- .---l-_l 0.38500 __-_ _ _ _ _  1. 1 U. 311500 

K ?  0.96394 0.19233 -0.09250 -0,15038 

L ?  1. 30000 1..3ccoo 1 .30000 1 . 30000 
- - -  .. --- -0 .0  9 2 1  15 - _ - _  ~ -__ -0 _ _  . . 36 _ -  760 _-_I-- -0.17679 -- .. - _  - .- - -0.14371 --I _-. 

L \  2 30000 2,30000 2 . 3OOOO 2 30000 

K 't 0 . ~ 0 0 0 0  0.0cc00 0 .ooooo 0.u0000 

L', 3.ht1500 3.b8590 3.68500 3 68500 

L 1-1 4.60000 4.hC030 4.60000 4.60000 

!? 7 -0 .07246 -0.01 1 5 4  -0.00267 -0  . (20176 

L 7  5 G O O 0 0  5.6COOO . . . .. - - 5.60000 5,60000 . _ - _ _  
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TABLE 33 

360.1~ 
2.59000 

283A 
3.73000 

303.8A 
3.1 I000 

335A 
2.66000 a 

2 .ooooo 2.00000 2 . 00000 2.00000 b 

1.30000 C 

d 

1 .30000 1.30000 

0.5COOO 0.50000 0.50000 

0 . 0 3 4 0 0  0 . 0 0 4 0 0  0 .01240  0 .03500  
... .. 

0 0 00000 Q.00000 0.00000 0.00000 

- 2  H Bm/Drn O o 6 3 P O O  0.61370 0 .58320  

0 .75347 

0 .58880  

0 .75819  0.80235 0 .78603 

SCAT/H 0 . 7 8 9 4 4  0.78695 0 .78387  0 . 7 8 5 0 0  

1.01806 

0.50000 

K 1  1 007904 1.05616 1 . 0 1 1 3 3  

0.50000 0.50000 

0.0c000 0.00000 

1 .30000  1 .3OQOO 

- 0 . 3 2 0 9 4  - 0 , 3 2 4 0 0  

2.30000 2.30000 

O.OC060 0.00222 

4o47OOO 3.96000 

0.07857 0.07149 

3.8G000 3 80000 

0 0 0 0 0 0 0  0 .00000 

4.60000 4.60000 

-0 ,00954  -0 .00662 

5 .60000  5 .60000  

L1 0.50000 

K 2  0000000 
... . - . - 

0.00000 

1 c 30008 

-Oc327 11 

L2 1.30000 

K3 -0.35056 
. -  . - _ "  

L3 2 .30000 2 .30000 

(4.0022a 

3,89000 

0 .07266  

3080000  

K4 0 000 15 

1 4  5 .03000 

L 5  3.80000 

0 .00000  

4.60000 

-0. 00878 

5 .60000 

K6 0 .00000  
. -  

16 - 4.60000 

K7 -0.0 1009 

L 7  5.60000 
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TABLE 3b 

554A 584 3 A  610A 630A 
2-76000  3.24000 2.34000 2.45000 

2.00000 2.00000 2.00000 2 . 00000 

a 

b 
----__ ~ 

C P .30000 1m30000 P . 30000 P o30000 

d 0.50000 0.50000 0.50000 0.50000 
- - -- - _I__ 

0,03800 0.01200 0,06300 0.05900 

0.00000 O D o C ~ O o  0.00000 0,00000 

P 19, ----- m- 

2 0.57120 0.61275 0 .55860  8 .55585  H Bm/Dm 
0,74284 0.78541 0.72216 0,72193 

S C A ? / H  0.78157 0.78662 0.78270 0 . 78 P 50 

KP 0.99626 1.05523 0.96903 0.96826 

e 1  0,50000 0 . 5 C O O O  0.50000 0.50000 
__  .. - 

i t2 0.00000 o,ocooo 0,00000 8.00000 

k 2  1 .30000 1.30000 1.30OOO P .30000 

K3 -0 3 173’3 -0.34042 -0.31033 -0 0 3088  L 

k 3  2.30000 2.3C008 2 30000 2.30000 
. -  

s(4 0.00221 O.OC056 0 00479 0.00412 

L4 4.06000 4.54600 3.64000 3 75000 
- . .- - - . . 

K 5  0.06898 0.07837 0.06561 0.06524 

L 5  3,80000 3.8COOO 3.80000 3.80000 

K6 0.00000 0~00000 0.00000 0,0000c 

L6 4.400GO 4,bCCOO 4.60000 4.60000 

-0.00790 -0. 00783  K7 -0.OC827 -0- OC95f 

L7 5.60000 5,6COOO 5.60000 5.60000 
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.. . 

a 

b 

C 

d 

SCAf/h 

K 1  

L 1  

K2 

L 2  

K3 

L 3  

K4 

1 4  
.. 

K 5  

1 5  

K6 

1 6  

K 7  

L7 

770A 
2 0 9400c  

2 . c 0 0 0 0  

1 30000 

Oo50000 

0.01600 

0.00000 

Go61130 

0 .78284  

0 , 7 8 7 0 9  

1.05191 

0.50000 

c o o o o o o  
1 30000 

-0033961 

2.30000 

C.00089 

4.24000 

0 , 0 7 7 9 4  

3o8OOOO 

0 .00000  

4 .60000  

-0 0 0 9 4  7 

30 60000 

TABLE 35 
7 90A 

2o61COO 

2.occoo 

1.3cooo 

0.5CCOO 

0.04 100 

0.0c000 

0.57500 

0 . 7 4 4 5 9  

0 . 7 8 2 9 8  

0.95 9 11 

o.sccoo 
o.occoo 
L o 3 C G O O  

-0 31 9 4 4  

2.3ccoo 

O o O C 2 6 5  

3 .91000  

0.06964 

3.8COOO 

0.0c000 

4.6CCOO 

-0 .oca38 

5.6COOO 

833-835A 
2 . 6 1 0 0 0  

2.00000 

1 o30000 

0.50000 

0 , 0 1 9 0 0  

0 .ooooo 

0.61500 

0 . 7 8 4 4 0  

0 . 7 8 8 5 3  

1 ,05452  

Oo5OOOO 

0 . 0 0 0 0 0  

1 *30000 

-0 .34167  

2 *30000 

0 . 0 0 1 3 1  

3 , 9 1 0 0 0  

0007861 

3 , 8 0 0 0 0  

0 .ooooo 

4 * 6 0 0 0 0  

-0 .00958  

5.60000 

865-885A 
2 94000  

2 .00000  

1 o30000 

0 SOCOO 

OoC0900 

O o C O O O C  

Oo6280C 

0 . 7 9 8 3 1  

0 .78979  

1 . 0 7 3 6 9  

0 o50000 

0.00000 

1 30000 

- 0 . 3 4 8 8 9  

2 30000 

O.CO051 

4 0 2 4 0 0 0  

0 . 0 8 1 7 3  

3.80000 

0 .00000  

4 .60000  

- 0 , 0 0 9 9 9  

So60000 


